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For  many  years  cytochrome oxidase  has  been  considered  a  rate-limiting 
enzyme  involved  in  oxygen consumption.  This  relationship  was  postulated 
by Wolsky (1938)  to explain  the U-shaped changes in  oxygen consumption 
which occur during the pupal stage of Drosophila melanogaster. It has received 
support from the work of Boell (1945) for the embryonic development of the 
salamander,  Amblystoma  punctalum.  He  found  a  straight  line  relationship 
between the activity of cytochrome oxidase and the rate of oxygen consump- 
tion and observed that approximately 97 per cent of the respiration was abol- 
ished  by treatment  with  cyanide.  Sacktor  (1951)  observed that  during  the 
pupal stage of the house fly, Musca domestic.a, both the activity of cytochrome 
oxidase and the rate of oxygen consumption follow the characteristic U-shaped 
curve. A similar relationship was shown to exist in the pupa of the Japanese 
beetle, Popilliajaponica, by Ludwig (1953). However, Wolsky (1941) suggested 
that  the U-shaped respiratory  curve in Drosophila  pupae may be connected 
with variations in the activities of the dehydrogenase systems. Agrell  (1949) 
found that in the bow fly, Calliphora erythrocephala, malic, citric, and glutamic 
dehydrogenases  all  follow a  U-shaped  activity curve.  Sacktor  (1951)  found 
that, in the pupa of the house fly, other factors in addition to the cytochrome 
system may contribute to the total respiration.  A part of the pupal respira- 
tion  is  cyanide-insensitive,  and  there  is in  addition  to  cytochrome oxidase, 
another cyanide-sensitive system, probably involving tyrosinase. 
The metabolism of the insect egg may be complicated  by the presence of 
a  diapause  or  resting  stage.  Bodine  (1934)  showed  that  the  respiration  of 
the pre- and  postdiapause egg of the  grasshopper,  Melanoplus  differentialis, 
is markedly inhibited by cyanide, whereas that of the diapause egg is cyanide- 
insensitive.  Hence, respiration of the diapanse egg is believed to be mediated 
by some mechanism other than the cytochrome system, while a portion of the 
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respiration of the pre- and postdiapanse egg involves this system. Very little 
information  is  available  regarding  respiratory mechanisms  of  non-diapause 
eggs such as those of the mealworm, Tenebrio molitor. Ludwig and Wugmeister 
(1955)  observed that  the respiratory rate  of the newly laid Japanese beetle 
egg (also non-diapause) was very low. However, in eggs kept at 30°C., the rate 
increased during the first 24 hours, remained at  the higher level for 3  days, 
and  then  increased  steadily until  the  time  of hatching.  On  the other hand, 
the activity of cytochrome oxidase was found to decrease rapidly during early 
embryogenesis and then to rise steadily during the remainder of the embryonic 
period. Thus there appears to be no relationship between the activity of cyto- 
chrome oxidase and the oxygen uptake of the egg except during the latter part 
of embryogenesis. 
Unpublished  observations  by Ludwig and  Wugmeister  on  the  activity of 
cytochrome oxidase in the Japanese beetle larva made in July, 1953, were much 
higher than those made in November of the previous year and published by 
Ludwig (1953). The latter values were obtained on second instar larvae which 
had  hatched from  eggs laid  by old  beetles late in  the  season.  The present 
authors were able to duplicate the published values in experiments performed 
in November, 1953.  These observations suggest that  the cytochrome oxidase 
activity is  dependent upon  the age of the  parent insect.  It was  decided to 
test  this  hypothesis with  the  mealworm,  using  eggs  from recently emerged 
adults and also from the same beetles at various times after emergence. Experi- 
ments on these eggs included determinations on the rate of oxygen consump- 
tion, and on the activities of the respiratory enzymes, cytochrome oxidase and 
succlnic dehydrogenase. 
Material and Methods 
The eggs used in these experiments  were obtained from beeries of known ages. 
They were laid in white flour and were collected each morning so that, when obtained, 
they were always less than 24 hours old. They were then placed in a desiccator,  the 
base of which contained a saturated solution of NaCI (relative humidity, 75 per cent) 
and were incubated at 30°C. Using eggs from newly emerged beetles determinations 
were made on the rates of oxygen consumption and on the activities of eytochrome 
oxidase  and succinic dehydrogenase  for each day of embryonic development.  The 
activity of cytochrome oxidase was also determined on eggs from beetles 2, 4, 6, and 
8 weeks following emergence. The activity of succinic dehydrogenase and the rate of 
oxygen consumption were also measured on eggs laid by beetles 6 to 8 weeks follow- 
ing emergence. 
Oxygen consumption  was measured  at 30°C. on groups of 50 eggs, using constant 
volume Warburg  manometers,  according  to  the  procedure outlined  by  Umbreit, 
Burris,  and Stauffer (1945). For these determinations, 0.2 ml. of 10 per cent KOH 
was placed in the central well of the manometer vessel for the absorption of carbon 
dioxide. A small piece of filter paper was folded and placed in the KOH to increase 
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The activity of cytochrome oxidase was determined on groups of 10 to 15 eggs ac- 
cording  to the method of Cooperstein  and Lazarow (1951). Details regarding the 
preparation of the various solutions and the methods for preparing the material are 
given by Ludwig (1953). The activity of succinic dehydrogenase was determined on 
groups of 15 to 20 eggs by the method of Cooperstein and Lazarow (1950). All enzyme 
activity values were determined on homogenates  in concentrations  of 1 to 1,000. 
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FIo. 1. Rate of oxygen consumption  and the activities of cytochrome oxidase and 
succinic dehydrogenase during the embryonic development of Tenebrio molitor. A, 
rate of oxygen consumption;  B, activity of cytochrome oxidase in eggs from newly 
emerged beetles; C, activity of cytochrome oxidase in eggs from beeries 6 weeks after 
emergence;  D, activity of succinic dehydrogenase.  Activity of cytochrome oxidase 
expressed as A log [Cy Fe++]/minute.  Activity of succinic dehydrogenase expressed as 
A log [Cy Fe+++]/minute.  Enzyme activities measured on homogenates  in final con- 
centration of 1 : 1,000. 
OBSERVATIONS 
The changes in the rate of oxygen consumption during the embryonic de- 
velopment of the mealworm are plotted in Fig.  1.  Each value is an average 
of at ]east  14 determinations. The rate  in  the  newly laid  egg,  expressed as 
microliters/50 eggs/hour, was low, averaging 4.89. It increased to 7.41 in the 
1 day egg, remained at approximately this level for 3 days, and then increased 
rapidly reaching  a  value  of  14.70  at  the  end  of the  embryonic period.  No 
differences were observed in the respiratory rate of eggs collected from newly 
emerged beetles and of others from beetles 8 weeks after emergence. 
The  activities  of  cytochrome oxidase,  expressed  as A  log  [Cy  Fe  ~-]  per 732  CYTOCHROME  OXIDASE  AND  OXYGEN  CONSUMPTION 
minute,  for each  day of embryonic development are  shown in  Fig.  1.  The 
figure  contains  the  activity  values  for  eggs  collected  from  beetles  several 
days after emergence (graph B) and for eggs from the same beetles 6 weeks later 
(graph  C). Each point in graph  B is an average of 12, and in graph  C of at 
least 5 determinations.  The oxidase activity of newly laid eggs collected  from 
newly emerged beetles had  a  value of 0.042.  The  activity values remained 
at approximately this level for several days and then increased rapidly until 
the end of the embryonic period reaching  a value of 0.233. Eggs laid by beetles 
2 weeks after emergence  had similar  oxidase  activity values no reduction ap- 
pearing until the parent beetles were 1 month old.  Graph  C in  Fig.  1 shows 
that the cytochrome oxidase  activity of eggs laid by beetles 6 weeks old was 
approximately 0.024  during  the first part of the embryonic period rising  to 
0.100 at the time of hatching,  A few readings made on newly laid eggs from 
beetles 2 months old showed a  still  lower value (0.011). 
The  activities  of  succimc  dehydrogenase  for  each day of  embryonic  de- 
velopment, expressed  as A log  [Cy Fe  +-~-] per minute,  are shown in  Fig.  1. 
Each point in graph  D  is an average of 10 determinations.  The succinic  de- 
hydrogenase activity  value  for  eggs laid by newly emerged beetles was ap- 
proximately 0.010 during the first 3 days of the embryonic period. It increased 
slowly reaching  a high  value of 0.034 at the time of hatching.  No differences 
were noticed between these values and others obtained for eggs laid by beetles 
6 to 8 weeks following emergence. 
DISCUSSION 
The respiratory curve described for the egg of the mealworm is of the same 
general  type as  that  described  by Ludwig  and  Wugmeister  (1955)  for  the 
embryonic development of the Japanese beetle. To the authors'  knowledge, 
this type of respiratory curve had not been described previously for the insect 
egg. 
The graphs  for the activity of both cytochrome oxidase  and  succinic  de, 
hydrogenase obtained by Ludwig and Wugmeister (1955) for the egg of the 
Japanese beetle were U-shaped, whereas those described for the mealworm egg 
in the present work are not U-shaped. Ludwig and Wugmeister state that the 
decreasing  rates  of  enzyme  activity  characteristic  of  the  early  part  of  the 
embryonic period of the Japanese  beetle are associated with  the imbibition 
of water by the egg resulting in a  dilution of the enzyme. The development 
of the mealworm egg is not accompanied by any increase in water content, the 
weight  remaining  constant  during  embryogenesis.  Hence,  in  the mealworm 
enzyme activity remains at a constant low level during the early part of the 
embryonic period showing an increase  near the end of this stage when respira- 
tory rate also increases. 
The observation that  no decrease in respiratory rate  was evident in eggs 
from old parents, although the activity of cytochrome oxidase was considerably DANIEL  LUDWIG  AND  MARY  C.  BARSA  733 
reduced, indicates  that in  the mealworm egg, cytochrome oxidase  is not the 
rate-limiting  enzyme.  The  observation that  there  is  no  correlation  between 
the respiratory rate and the activity of cytochrome oxidase during early em- 
bryogenesis in the mealworm or in the Japanese beetle is further evidence for 
this conclusion. The fact that succinic dehydrogenase is not affected by paren- 
tal age suggests that this enzyme complex might be the limiting factor. How- 
ever, the increase  hi oxygen uptake characteristic of the first 24 hours of em- 
bryogenesis is not correlated with any changes in the activity of the enzymes 
measured in these experiments. 
Ludwig, Barsa, and  Call (1955)  observed that  the cytochrome oxidase ac- 
tivity values of mealworm larvae from mixed cultures are extremely variable. 
The observation that a decrease in the activity of cytochrome oxidase  occurs 
with parental age may offer an explanation for this variability. 
A great deal of work has been done on the effect of parental age on the char- 
acteristics of the offspring.  For instance,  Jennings  and Lynch  (1928)  found 
that fecundity and length of life in the rotifer, Proal~ s~dida, were dependent 
on the age of the parents. Lansing (1954) showed that  the mean life span of 
the  rotifer,  Philodiru~ dtrina,  in  an  adolescent line  slowly but significantly 
increased over 7 generations, while those of middle aged and senile lines declined 
and the rotifers died out over 5 and 3 generations, respectively. Furthermore, 
Takahashi  (1954)  was able to correlate  the sex ratio  in  human  beings with 
parental age. However, to the authors'  knowledge no other work is available 
which indicates that parental age may have an effect on the activity of any 
enzyme system. It seems likely that some of the effects of parental age listed 
above might possibly be correlated with enzyme activity. 
SUMMARY 
1. Readings were made on the rates of oxygen consumption and on the ac- 
tivities of the succinoxidase  system of eggs of the mealworm for each day of 
embryonic development at 30°C. 
2. The rate of oxygen consumption, expressed  as microliters/50 eggs/hour, 
was low (4.89) in newly laid eggs. It rose to 7.41 during the next 24 hours, re- 
mained at this level for the next 2 days, and then increased during the remainder 
of the embryonic period reaching  a high value of 14.79 at the time of hatching. 
3. The activity of cytochrome oxidase in eggs from newly emerged beetles, 
expressed  as  ~  log  ICy Fe+~]/minute,  remained  at a  value of 0.042  during 
the first half of the embryonic period, increasing  to 0.233 during the latter half 
of this period. 
4. The activity of succinic dehydrogenase showed the same series of changes 
except at  much  lower values.  Expressed as ~  log [Cy Fe+++]/minute,  they 
ranged from 0.010 in the newly laid egg to 0,034 at the end of the embryonic 
period. 
5. The activity of cytochrome oxidase of the egg was found to decrease with 734  CYTOCHROME OXIDASE AND OXYGEN CONSITMPTION 
parental age. Eggs from newly emerged beetles had activity values consider- 
ably higher than those of beetles 6 or 8 weeks after emergence. However, no 
comparable changes were noted in  the activity of succinic dehydrogenase or 
in  the  rate  of  oxygen  consumption.  These  observations  suggest  that  cyto- 
chrome oxidase is not  a  rate-limiting enzyme in  the respiratory metabolism 
of the mealworm egg. 
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